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Most images and cartoons of cell-
matrix or cell-cell adhesion show the
plasma membrane of the cell con-
nected to its binding partner by the
nanomolar-scale extracellular domain
of a transmembrane protein extending
from a lipid bilayer to its equally small
ligand in the adjacent cell or extracel-
lular matrix. Cell adhesion, however,
differs fundamentally from adhesion
between liposomes or bubbles, even
when mediated by the same adhesion
proteins. Between the outermost edge
of the cell membrane and that part of
the extracellular matrix nearest to the
cell lies a part of the cell that is largely
overlooked: the pericellular matrix
(PCM) or glycocalyx. The PCM was
initially detected in electron micros-
copy studies of polysaccharide distri-
bution as a fuzzy coat that covered,
for example, the surface of cells lining
the capillary lumen (Fig. 1), or the tips
of microvilli in intestinal epithelia (1).
This glycocalyx could extend several
microns from the cell surface. Most
light microscopy methods however,
do not detect the PCM, and despite
its robust appearance in electron mi-
crographs, the PCM is generally too
delicate to study by most rheology
methods. The difficulties of studying
the PCM in its native state have left
the question of its potential mechanical
role in cell function unresolved. In
this issue of Biophysical Journal,
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McLane et al. (2) make an important
advance in defining the physical prop-
erties of the PCM by exploiting the
versatility and precision of optical
traps to measure the resistance of the
PCM to penetration by micron-sized
probes.

The PCM is composed primarily of
hyaluronic acid (HA), a flexible highly
anionic linear polymer of disaccharide
repeats that also forms the gel within
the vitreous body of the eyeball. Exist-
ing in detachment from the cell, it is
a major constituent of many extracellu-
lar matrices. HA chains are produced
by HA synthases on the cell membrane
which project the long molecules into
the extracellular space (3). HA can re-
main attached to HA synthase or to
specific HA receptors on the cell mem-
brane such as CD44 (4), RHAMM (5),
and layilin (6). Other components of
the glycocalyx are sulfated proteogly-
cans such as chondroitin sulfate,
heparan sulfate, neurocan, and versi-
can. These proteoglycans have been
proposed to be either cross-linkers
between protruding HA chains (sug-
gesting that they form a true three-
dimensional viscoelastic matrix), or
stabilizers of the flexible HA chains
that stiffen them and extend the length
to which the PCM protrudes. The re-
sults of McLane and colleagues argue
against the formation of a cross-linked
gel, at least for the thick pericellular
matrices around chondrocytes.

The abundance of extracellular
polysaccharides in mammalian tissues
was first shown with histological tech-
niques using the periodic-acid Schiff
stain (7). This technique revealed a
thick polysaccharide layer in several
tissues (8). That this layer was—at
least partly—an inherent part of the
cells was proposed in the 1960s,
when several researchers noticed that
a significant fraction of polysaccha-
rides, especially HA, produced by fi-
broblast and lymphocytes in the
synovial membrane of a joint could
only be recovered in culture media af-
ter trypsin treatment (9), which sug-
gested that the HA produced by the

961

synovial cells remained “fairly firmly
attached to the cells”. (10).

A possible function of the mamma-
lian PCM or glycocalyx was suggested
by studies of the interaction between
synovial cells and lymphocytes that re-
vealed “an optically clear zone beyond
the cytoplasm of the synovial cells
which appeared to prevent contact
between the two types of cells” (11).
This exclusion zone disappeared upon
treatment with hyaluronidase, suggest-
ing that the basal structure of the gly-
cocalyx was formed by HA. A similar
effect occurs in the vasculature and is
especially evident in capillaries, where
the luminal volume accessible to blood
cells and large solutes is significantly
smaller than the volume accessible
to small solutes such as fluorescent
dyes, because the cells and large parti-
cles cannot penetrate into the space
filled by the endothelial PCM (12,13).
These findings led to the now classic
particle exclusion assay to visualize
the PCM by using fixed erythrocytes
added to an in vitro cell culture and
observing that the erythrocytes did
not make direct contact with the cul-
tured cell membrane but left “a clear
area which was sometimes more than
20 pwm across...giving the impression
that they were held back by a barrier
of appreciable depth” (11). McLane
and colleagues also use this method
to visualize the dimensions of the
PCM but extend it by using particles
of different sizes to determine the
mesh size of the PCM and the extent
to which it can sieve particles of differ-
ent size.

The presence of HA in extracellular
matrix and other gel-like biomaterials
suggested that the pericellular matrix
could be a gel-like layer around the
cell membrane, but direct rheological
evidence for the elastic character
of the PCM has been lacking. AFM
and optical trap-based microrheology
methods have been used to deter-
mine the mechanical properties of
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reconstituted gels with com-
mon glycocalyx constitu-
ents (14) as well as probing
the glycocalyx directly
(15-17). These studies re-
vealed the PCM to be so
soft as to test the limits of
even these sensitive tech-
niques. The technical ad-
vance of McLane et al. is
to use a very sensitive opti-
cal trap in a dynamic mode
in which a 3-um passivated
bead is pushed at a constant
rate to various depths within
the PCM. This study was
performed using cultured
chondrocytes, which are a
cell type with an unusually
large PCM that particle ex-
clusion assays show to be
7 pum, and when aggrecan
is added to extend the HA
chain, as large as 17 um.
Because the trap moves at
rates between 2 um/s and
50 pum/s and the sampling
rate is 500 Hz, changes in
resistance as the probe moves into the
PCM can be measured with high preci-
sion. These measurements reveal some
surprising features of the PCM. The
dynamic probe can detect the PCM
even at distances beyond where the
particle exclusion method reports it to
be, suggesting that at least some chains
of the PCM extend farther away from
the cell than previously thought. If
the probe movement is abruptly
stopped before the bead reaches the
cell membrane, some of the stress rap-
idly decays but a significant fraction
remains, as an apparently elastic resis-
tance to the bead that expels it from the
PCM if the trap is turned off. The au-
thors calculate that this elastic resis-
tance, which increases exponentially
as the bead comes nearer to the cell,
arises not from the mechanical defor-
mation of the HA chains, but from an
osmotic pressure gradient caused by
the increasing density of the tethered
HA chains and their counterions near
the cell surface. The increased chain
density, or equivalently, the decreased
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FIGURE 1

(A) Electron microscope cross-section image of an Alcian
blue-stained rat myocardial capillary (bar = 1 um). (B) Side-view image
of the endothelial glycocalyx before and (C) after treatment with hyaluron-
idase (bar = 0.5 um). Adapted from van den Berg et al. (19).

mesh size as a function of distance
from the surface, is confirmed by mea-
surements of the extent to which parti-
cles of different sizes can approach the
cell surface.

One of the most striking results
illustrating the soft, highly dynamic,
but not gel-like property of the PCM
makes use of holography to produce
two optical traps that manipulate two
beads in sequence. The two optical
traps are moved sequentially along
the same path through the pericellular
matrix. The resulting force measure-
ments show that both beads have the
same force distribution along their
paths and that the first bead does not
feel the approach of the second bead
when they are both within the PCM.
These results strongly suggest that
the PCM is not a viscoelastic gel and
the HA is not strongly cross-linked.
Although McLane et al. do not directly
calculate elastic and viscous moduli
from their measurements, another
recent study using a different form of
optical microrheology reports that
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the shear storage modulus
of the PCM is <1 Pa,
strongly  time-dependent,
and similar in magnitude
to its loss modulus (17),
consistent with the results
of McLane et al. To put
this value in context, the
mesh size of the PCM near
the cell surface found by
McLane et al. is <100 nm,
even smaller than the mesh
of the cortical actin network
on the other side of the
membrane. But the elastic
modulus of the cell cortex
is in the kPa range, con-
sistent with expectations
from theories for cross-
linked polymer networks
with this density. This elas-
¢ tic modulus is more than a
thousand times greater than
that of the PCM, further
evidence that the HA chains
in the PCM are not cross-
linked into a three-dimen-
sional gel.

McLane et al. conclude that the gly-
cocalyx is not a true three-dimensional
solid-like matrix that can be broken
when deformed too much, but more
like a bed of grass at the bottom of
a lake. In the absence of hydrodynamic
flow, the polymers of the glycocalyx
extend from the surface with a roughly
exponential density distribution, but
they bend easily under hydrodynamic
stress, a response that alters the poly-
mer and charge density profile and
might affect signaling. At the base of
the PCM lie adhesion and other recep-
tors that await stimulation by those
ligands that manage to penetrate the
mesh above. Whether this model
applies generally to the PCM of other
cell types remains to be seen, and
some previous studies show significant
differences in the mechanical stability
of PCMs from different cell types (18).

One aspect of the PCM that McLane
et al. leaves to future studies is the
electrostatic effect of the PCM. HA,
the major constituent of the PCM, has
a similar negative charge density as
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DNA, and its structure will be altered
by multivalent counterions or coions
that penetrate its surface. The probe
particles that McLane et al. use are un-
charged polyethylene glycol-coated
beads, but the native solutes and parti-
cles designed for drug delivery or
transfection are generally charged and
often cationic. The combination of vis-
coelastic properties, size-exclusion,
and electrostatic repulsion or attraction
generated by the PCM that are now
beginning to be revealed will likely
motivate more study and better under-
standing of this ubiquitous and often
ignored structure.
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